Introduction
Many studies have shown the existence of a link between the voice and the emotions of a speaker [1, 7, 8] . The situations which cause emotional disturbance are many and varied, such as psychomotor exercises [2] , observation of images [3] , real or simulated aircraft accidents [1] .
In the aeronautical context, emotions in the voice are sought on Cockpit Voice Recorders (C.V.R) and on recordings made in simulated conditions. The general purpose of this study is to proceed with the same approach for pilot's fatigue. Firstly, it aims to confirm that voice changes may occur when a speaker is tired. This is the purpose of the experimentation on sleep inertia described below (paragraph 2). Secondly, voice analysis laboratory methods have to be adapted to Cockpit Voice Recording analysis (paragraph 3). Based on this set of results, it will be possible to study fatigue in real flight conditions both from the C.V.R and from the analysis of recordings made in the aircraft cockpit.
2 Voice and sleep inertia: laboratory experiment [4] Two factors must be taken into account for the study of workload-induced fatigue. The first one is fatigue accumulated during periods of activity. The second one is the effects of drowsiness which are presented here. Pilots who are subject to daily short-haul rotations can be in a state of drowsiness late in the day or even during early morning flights. The question that arises is whether the ability to concentrate and work efficiency are always in the optimum level. Medical measurements have been made and are completed by a collection of non-invasive voice data.
Experimental conditions
The experiments were conducted with a pilot in a French hospital (sleep disorders department). ElectroEncephaloGrams and ElectroCardioGrams were carried out by a specialized laboratory. The voice was recorded on D.A.T by way of a headset microphone ensuring a constant distance from the mouth. Three recordings were made:
Recording 1: upon arrival in the lab (11 AM) Recording 2: after lunch (2 PM) Recording 3: The pilot was taken to a room where his sleep was monitored. A few minutes after falling asleep he was suddenly awakened by a very powerful light. He then had to perform a number of tasks on a computer similar to those usually performed in flight (3 PM).
The pilot reads the same five sentences in each of the three recordings. They came from aeronautical terminology. A sample sentence was : « Bravo, Victor, Charlie montez au niveau deux cinq zéro » (« Bravo, Victor, Charlie climb level two five zero »).
Voice analysis
108 vowels were segmented by selecting the time period where the signal is quasi-stationar: 37 vowels for recording 1, 30 for recording 2 and 41 for recording 3. The analyses were performed using Matlab laboratory programs. The parameters calculated for each vowel were: the mean fundamental frequency <F 0 >, the associated standard deviation (σ), the Variation Coefficient (V.C), the mean jitter (M.J), the jitter factor (J.F), the shimmer (S).
n is the number of pitch periods of the segmented vowel wave form and A i is the amplitude of the first major peak of the i period. Significant results were obtained for all these parameters except for the mean fundamental frequency and the shimmer (Tables 1 and 2 ). But as shown in Figures 1 and 2 the only visual examination indicates high increases of values at the beginning of recording 3. The same observation is made for standard deviation, mean jitter and jitter ratio For shimmer the visual examination shows a tendancy ( Figure 6 ) but the increase is not significant ( Table 2 ). An example of a vowel phase portrait issued from recording 3 also shows the important cycle-to-cycle variations of the fundamental frequency ( Figure 5 ) comparing the scale with a phase portrait during recording 2 ( Figure 4 ). Table 2 Fisher-Snedecor and Student tests between neutral period (recording 1+2) and « stress » one (recording 3).
Variation Coefficient (V.C) in % Starting from the 67th analysed vowel, which corresponds to waking the speaker, the associated parameters of the fundamental frequency varied significantly (Table 2) . It should be noted that the mean fundamental frequency did not present any visible and significant variation for recording 3 ( Figure 3 , Table 2 ).
Jitter Factor (JF)
Serial number of the vowel Sleep inertia can modify a pilot's voice: an increase of short-term instability of the fundamental frequency is then observed. The dispersion parameters (standard deviation, variation coefficient, jitters) vary significantly between the ordinary periods of voicing (recordings 1 and 2) and the « stress » one (recording 3). 
Bandwidth
The low-frequency limit of the C-V-R bandwidth (150 Hz) prevents detection of the fundamental frequency after lowpass filtering. Here, the approach is based on the detection of peak amplitudes on the vowel signal. This makes the measurement independent of the system's low cut-off frequency.
The mean fundamental frequency remains almost identical to that of the cepstral analysis.
Signal-to-Noise Ratio
This parameter was high in laboratory conditions. At equivalent speech signal quality, the level of background noise on the C-V-R tape reduces the signal-to-noise ratio. In most cases there is no impact on the estimation of parameters related to the fundamental frequency, but spectral estimation is disrupted.
Spectral analysis of the background noise taken from a C-V-R shows relatively constant levels for frequencies between 1000 Hz and 3000 Hz and a significant power level of around 500 Hz (Fig. 7) . The spectral slope is about +5dB/octave up to the 2000 Hz/octave.
The sound level of background noise and each vowel are added into the recorded signal and then the estimation of the vowel spectrum requires specific treatment. Indeed, the natural decrease of vowel sound level is hidden by the noise spectral slope and the peak at 500 Hz may lead to an overestimation of the sound level around the first formant. Fig.7 . Background Noise Spectrum.
Modified spectral estimation
The spectral analysis of vowels is performed by an all-pole spectral model obtained from linear prediction (LPC autocorrelation method) [6] .
In laboratory conditions pre-emphasis (simple one-zero filter of the form 1-μ.z -1 with μ near or equal to one) is applied to estimate the transfer function of the vocal tract without taking into account the effects of the lips radiation and those of the glottal wave. A lack of pre-emphasis (μ = 0) leads to an estimate of the spectrum of the vowel.
With the presence of C-V-R background noise, preemphasis enhances the spectral effect of noise for high frequencies (Figure 8 ).
The slope of the frequency response of the vocal tract shows an increase of roughly +11 dB/octave in addition to its normal slope: +6 dB/octave due to pre-emphasis and +5dB/octave due to noise.
Then for the spectrum vowel estimation the increase is about +5 dB/octave because pre-emphasis is not used. Nevertheless, sprectrum shows excessive high frequency levels due to the presence of background noise in the recorded signal (Figure 9) . Consequently, the best way is to proceed without preemphasis and to perform a first order low-pass filtering before the LPC analysis (Figure 10 ). The choice of the cutoff frequency is related to the background noise level at 500 Hz.
The analysis conditions are: order 12 for the 8000 Hz sampling frequency, 512 samples in the Hamming window analysis, recovery 50%, pre-emphasis coefficient µ equal to 0.98 or 0 (Figures 8, 9 and 10).
The noise spectral slope effect on the recorded signal is eliminated to give an estimation of the vowel spectrum. Serial number of the vowel The case of the sound level peak around the 500 Hz frequency is not attributable to the pilot's voice.
The background noise analysis shows an increase of sound level slightly less than 20 dB at 500 Hz compared to the 1300 Hz -3300 Hz frequency band ( Figure 7) . The lowpass first order filtering attenuation is of 18dB at 500 Hz from the 63 Hz cutoff frequency on the recorded signal level (vowel + background noise). The low-pass filtering reduces the excessive level at 500 Hz. However, it is not an accurate correction because the spectral shape of reinforcing around 500 Hz is not taken into account by filtering.
The correction is nevertheless effective enough to provide a suitable estimation of the vowel spectrum (Figure 10 ).
Conclusion
Even if only one pilot's voice has been analysed, and if the background noise can be modified in other flying situations, the set of results presented in this paper encourages development of new experiments in voice analysis in real conditions.
The sleep inertia experiment indicates that pilot's voice recordings in the cockpit can provide, at the least, significant variations of fundamental frequency dispersion parameters.
Analysis of voice recordings on C-V-R's will also be possible with the spectral corrections demonstrated above. 
